Abstract--The mathematical formulation of mass transfer in drying processes is often based on the diffusion equation. In principle the diffusion coefficient as a function of moisture content has to be determined experimentally. The most direct approach is to derive the diffusion coefficient from experimental moisture concentration profiles in the material during drying. In this work, the diffusion coefficient determined in this way is called the actual diffusion coefficient. Very often, however, an indirect method is used based on drying curves (average moisture content of a sample vs time). Since the diffusion coefficient is determined indirectly from the macroscopic behaviour of the sample, this coefficient will be called the apparent diffusion coefficient. A comparison of diffusion coefficients as a function of moisture content using both methods shows that for porous materials such as clays, the apparent diffusion coefficient depends on experimental conditions. This can be explained by the fact that the apparent diffusion coefficient is in agreement with the actual diffusion coefficient over a limited range of moisture content only. For materials such as clays, drying curves are not suited to derive diffusion coefficients as a function of moisture content in a satisfactory and consistent way.
INTRODUCTION
The mathematical formulation of mass transfer in porous media during drying is usually based on a diffusion equation [e.g. Philip and de Vries (1957) ]. A more fundamental basis for this equation was later given by Bear (1990) and Whitaker (1977) . The diffusion coefficient is an overall coefficient describing the moisture flow by liquid, vapour and combined liquid/vapour transport. In principle the diffusion coefficient, which is both temperature and moisture concentration dependent, has to be determined experimentally. In many cases in literature the moisture concentration dependency of the (isothermal) diffusion coefficient is derived from drying curves [e.g. Coumans (1987) and Collard et al. (1992) ]. The experimental conditions are chosen such that a numerical solution of the diffusion equation can be obtained (e.g. one-dimensional drying of a slab). The diffusion coefficient as a function of moisture content is varied until a best fit is obtained.
The most important drawback of using drying curves is that a functional relation has to be chosen for the diffusion coefficient as a function of moisture content, e.g. an exponential relation (D = Doe~°). In principle, however, it is not known what kind of relation is appropriate. As a matter of fact, obtaining this information was the purpose of doing the drying experiment in the first place. For this reason this diffusion coefficient will be called the apparent diffusion coefficient in this paper.
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For determining the diffusion coefficient as a function of moisture content without having to assume a functional relation, the experimental determination of moisture concentration profiles as a function of time is necessary. Recently, it has been shown by the authors that scanning neutron transmission can be used for the purpose of obtaining profiles with sufficient accuracy in materials such as brick and clay (Ketelaars, 1992; Pel et al., 1992) . A diffusion coefficient can be determined from these profiles directly and therefore will be called the actual diffusion coefficient in this paper.
Using scanning neutron radiography to obtain moisture concentration profiles, however, has some disadvantages. A nuclear facility should be available to produce neutron beams of sufficiently high intensity, specially trained personnel are necessary, safety precautions are strict and the method is rather expensive. Furthermore, the method is restricted to materials which do not contain much hydrogen such as, e.g., ceramics. These disadvantages are such that a wide application of this experimental method is not to be expected and in many practical situations only drying curves will be available for the determination of the diffusion coefficient. An interesting question therefore is whether or not the apparent diffusion coefficient is in agreement with the actual one. 
The macroscopic attenuation coefficients /~w and /1,,at can be determined experimentally by measuring the transmission of pure water and dry material, respectively. Once these values are known, moisture content can be determined by measuring the transmission of a sample of given thickness d. For many materials #w ~> Pmat, which makes the method very accurate. For a detailed description of experimental set-up and validation of the method the reader is referred to literature (Ketelaars, 1992; Pel et al., 1992) .
Experimental results
Moisture concentration profiles were measured during drying of a non-shrinking kaolin clay. This kaolin clay (Kaolins d'Arvor, France) was chosen because of its purity and well-defined properties such as pore and particle size distribution. From this material reproducible samples could be prepared. Measuring the moisture content at a single point with an accuracy of 1% takes about 40 s and an entire profile consisting of 28 data points takes 20 min. Since high gradients in moisture content are expected to occur near the drying surface, a variable grid was used for scanning, ranging from 0.5 mm when the beam is near the drying surface to 2 mm at the bottom of the sample. Drying experiments last up to 24 h. The moisture concentration profile at a specific time is deduced from the experimental data by an interpolation of the moisture concentration as a function of time for every data point. Temperature profiles were measured during the experiments (Pel et al., 1992) . Apart from the first hour in which temperature profiles develop, the experiments can be considered isothermal. An example of the evolution of the moisture concentration profile as a function of time is given in Fig. 1 . In this example some minor inhomogeneities can be seen near the drying surface (x = 0.027 m) which are most likely due to sample preparation. At the bottom of the sample (x = 0 m) evaporation is prevented, so according to theory no moisture concentration gradient should be present in the material at this point. In Fig. 1 it is shown experimentally that this condition is satisfied.
The actual diffusion coefficient
The diffusion equation for non-shrinking systems and for a one-dimensional isothermal situation as encountered during the neutron radiography In this equation use is made of the fact that the derivative of 0 with x is zero at the vapour tight bottom. Equation (4) can be applied to every data point and, since moisture content is also known for every point, the diffusion coefficient can be related to moisture content directly. The results for a kaolin clay, see Fig. 2 , were obtained from various experiments on samples of the same type of material with varying initial moisture content under identical experimental conditions. The behaviour shown in Fig.  2 is characteristic for porous materials. The minimum is related to the occurrence of a receding drying front at low moisture content when the contribution of vapour diffusion in the total moisture flux becomes dominant [see e.g. Lartigue et al. (1989) , Pel et al. (1992) and Ketelaars, (1992) ]. The data in this figure have a scatter which is directly related to the accuracy with which the derivative of the moisture content with respect to position can be determined. However, the 
THE APPARENT DIFFUSION COEFFICIENT DETERMINED FROM DRYING CURVES
The method used most frequently in literature to obtain diffusion coefficients is based on drying curves (average moisture content vs time). For the materials considered here these drying curves were also determined. Since this is a rather standard (but by no means simple!) experimental procedure it will not be discussed here in much detail.
Drying curves are obtained using the experimental set-up described elsewhere (Coumans, 1987) , see Fig.  3 . In this apparatus a slab of material is isothermally dried from the top surface. From the weight loss of the sample a drying curve, average moisture content vs time, was obtained. Various isothermal experiments have been performed on slabs 4 and 25 mm in thickness. A best fit of the numerical solution of the diffusion, eq. (3), has been obtained using an exponential relation for the diffusion coefficient as a function of moisture content (D = Do ea°). A convective boundary condition at the free surface has been used, based on the desorption isotherm which was determined independently (Ketelaars, 1992) . The results for 4 typical experiments are reported in Table 1 .
The values for the parameters (a, D0) vary considerably for the various experiments. This is also seen with other samples (Ketelaars, 1992) . Since the apparent diffusion coefficient is dependent on experimental conditions one could conclude that the diffusion model is incorrect or incomplete. It will be shown in the next section, however, that this is not the case.
COMPARISON OF THE ACTUAL AND APPARENT DIFFUSION COEFFICIENT
The results for the diffusion coefficient as a function of moisture content as found according to both methods are combined in Fig. 4 . The apparent diffusion coefficient coincides with the actual one over a limited range of moisture content only. For thin slabs this agreement is in the low moisture content range, whereas for thick slabs this is in the intermediate moisture content range.
In order to explain this behaviour, drying curves for thick and thin slabs are given in Fig. 5 . For a thin slab there is a considerable externally limited period in the beginning of the experiment. For this period the fit of the average moisture content vs time is not sensitive to the moisture content distribution in the sample. In the region for low-average moisture content there is an internally limited, the so-called failing drying rate, period. In this region the fit is sensitive to the moisture concentration distribution in the sample. However, due to the fact that an exponential relation is used only an "averaged" value is obtained.
From the drying curves it is not possible to determine over which moisture content range this coefficient is averaged. This is shown from the drying curve sion coefficient is in the intermediate moisture content range. The apparent diffusion coefficient seems to be an "averaged" actual diffusion coefficient, whereas it is not possible to tell which averaging procedure is involved. Unfortunately this implies that the use of drying curves in order to determine a diffusion coefficient as a function of moisture content is rather limited.
In Fig. 2 a relation for the actual diffusion coefficient as a function of moisture content is constructed from the experimental data. It is shown in Fig. 5 that with this relationship for the actual diffusion coefficient, drying curves for both thin and thick slabs can be described very well. This emphasizes the fact that it is not an improper or incomplete diffusion model which is causing the variation in the apparent diffusion coefficient. 0.00 Fig. 5 . Drying experiments for thin and thick slabs of kaolin clay. Experimental ( ) and simulated (---) drying curves using the actual diffusion coefficient as a function of moisture content (see Fig. 2 ).
for the thick sample. For this drying curve the sample is in the internally limited period completely. Since the average moisture content is still quite high this means that substantial profiles have developed. Even though low moisture contents are present in the sample, the agreement of actual and apparent diffu-
CONCLUSIONS
It has been shown that the use of drying curves in order to obtain the diffusion coefficient as a function of moisture content does not give satisfactory results for porous materials such as clays. The diffusion coefficient derived from drying curves is only an apparent coefficient. The apparent diffusion coefficient derived from drying experiments under specific conditions can not be used to predict drying curves for other experimental conditions.
To derive a proper and reliable diffusion coefficient an experimental determination of transient moisture concentration profiles is necessary. This actual diffusion coefficient can be used in order to perform reliable predictions of drying behaviour. 
